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Abstract 
Unsymmetrical diphosphine tungsten complexes, (C0)5 W[ TJ 1-PPh2CH2P(p-
tol)2} and (CO)s W[ TJ 1-P(p-tol)2CH2PPh2], were prepared from (CO)s W(NH2Ph) and 
Ph2PCH2P(p-tol)2 . 
(CO)s W(NH2Ph) + Ph2PCH2P(p-tol)2 ---+ NH2Ph + 
(CO)s W( TJ 1-PPh2CH2P(p-tol)2] + (CO)s W[ TJ 1-P(p-tol)2 CH2PPh2] 
Two approaches were successfully used to synthesize Ph2PCH2P(p-tol)2. The first 
utilized PPh2CH2Cl, prepared from J?Ph2H, CH2Cli, and KOH under phase transfer 
conditions, from which Ph2PCH2P(p-tol)2 was synthesized by reaction of the intermediate 
with LiP(p-tol)2. 
Ph2PH + CH2Cli + KOH ----+ PPh2CH2Cl + KCI + H10 
PPh2CH2Cl + LiP(p-tol)i ----+ Ph2PCH2P(p-tol)2 + LiCl 
The second approach for the synthesis of PPh2CH2P(p-tol)2 was based on the 
reaction of PPh2CH2SiMe3 with ClP(p-tol)2. 
PPh2CH2SiMe3 + ClP(p-tol)2---+ ClSiMe3 + PPh2CH2P(p-tol)2 
The starting materials, PPh2CH2SiMe3 and ClP(p-tol)i, were made from HPPh2 
and Me3SiCH2Cl in the presence of NaNH2/NH3, and from HOP(p-tol)i and PCIJ. 
HPPh2 + Me3SiCH2CI ---+ PPh2CH2SiMe3 + HCI 
3 HOP(p-tol)i + PCh ---+ 3 ClP(p-tol)i + HP(O)(OH)2 
The isomerization of (C0)5W[11 1-PPh2CH2P(p-to1)2] and (C0)5W[11 1-P(p-tolh-
CH2PPh2] at different temperatures (328 K, 313 K, 298 K) was monitored by 31P {1H} 
NMR spectroscopy. 
k-1 
The rate constants k1, k_1, half-lives to equilibrium and the equilbrium constants at 
328 K, 313 K, and 298 K were detetmined: 
T(K) k1(s ') k.1(s .,) ln2/(k1 + k.1) K 
328 2.34 (2) x 10-0 1.11 (1) x io-0 2.29 days 2.00 (4) 
313 2.86 (4) x 10-1 1.08 (2) x 1 o-' 20.4 days 2.66 (6) 
298 3.19 (15) x 10-!S 0.81 (6) x 10-!S 200 days 3.93 (34) 
The isomerization rates are about 100 times slower than those of (OC)s W[ 11 1-
P(p-tol)2]. The data support the idea that an interaction between the short dangling 
phosphine arm and the cis carbonyl .groups stabilizes the transition state and accelerates 
isomerization. 
The synthesis of(OC)5W[11 1-Ph2PCH2CH(PPh2)(P{p-tol}2)] and its linkage 
isomers was unsuccessful. The most promising approach for synthesis of Ph2PCH2-
CH(PPh2)P(p-tol)2 appeared to be through nucleophilic addition of HP(p-tol)2 to cis-
11 
However, in the presence of base, HP(p-tol)i reacts with cis-(Ph2P)CH=CH(PPh2) to 
produce not only Ph2PCH2CH(PPh2)P(p-tol)2, but also many by-products that are difficult 
to remove from the desired product. 
iii 
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Introduction 
An explosive interest in phosphine complexes began about forty years ago. 
Phosphines play an important role in homogenous catalysis and in organic synthesis. 
They are "soft" ligands capable of stabilizing low oxidation-state transition metal 
complexes. As many important catalysts are organometallic complexes in low oxidation 
states, phosphines are among the m·ost important ligands and find widespread usage for 
many applications. For example, Rh(PPh3) 3Cl can be used for olefin hydrogenation. 13' b. c 
In addition to hydrogenation, phosphine complexes are used as catalysts for 
hydrosilylation and hydroboration. Moreover, phosphine complexes can be used for 
asymmetric catalysis, which finds great application in organic, medicinal and 
pharmaceutical chemistry.23• b In asymmetric hydrogenation, 95 - 99% enantiomeric 
excess can be obtained in favorable cases.3 The properties of the phosphine ligands have a 
great effect on the catalytic effectiveness of the phosphine complexes and therefore can 
control activity and selectivity. 
"Dangling" phosphine complexes are transition metal complexes in which 
polydentate phosphorus ligands are incompletely coordinated. They are important 
precursors for the synthesis ofheterobimetallic compounds.4 Perhaps the most widely 
used polydentate phosphine ligand is Ph2PCH2CH2PPh2 ( dppe ), first synthesized and 
coordinated to transition metals in 1960.5· 6 The syntheses and properties of the dangling 
phosphine complexes (C0)5W[rt1-PPh2CH2CH2PPh2] 1 and (C0)5W[11 1-PPh2CH2PPh2 ] 2 
1 
have been reported7 and the reactivity of the dangling phosphines of 1and2 have been 
shown to be very different. For example, the former compound can be quaternized by 
reaction with C6H5CH2Br in benzene solution, while the latter compound cannot. 
The dangling phosphine complexes decompose when heated to give chelated 
products. For example, 1 decomposes to give 3, a complex that is stabilized by the 
presence of a relatively strain-free five.-membered ring.8 
1 3 
(1) 
Complexes 1 and 2, as well as analogous chromium compounds, undergo chelation 
extremely slowly at room temperature with halflives of many months.9• ' 0 The slow rate 
of chelation makes the isolation of compounds with dangling phosphine possible. 
It has been recently shown that dangling phosphine complexes not only decompose 
to give chelated products but also undergo fluxional reactions in which the coordinated 
and the uncoordinated phosphine groups exchange. While early 31P {1H} NMR studies 
showed that the phosphine exchange is slow relative to the NMR time scale, it has now 
been established that slow exchange occurs, even under mild conditions. 9 Kinetic and 
thennodynamic data have been obtained for the chelation and isomerization of 
(C0)5M[ri 1-PPh2CH2CH2P(p-tol)2] (Cr, 4a; Mo, 4b; W, 4c). 11 
2 
(CO)sM[PPruCH2ClliP(p-tol)2] 
4~ 
(CO)sM[P(p-tol)2CH2ClliPPhi] 
5 
/. 
(2) 
Table 1: Kinetic and Thermodynamic Data for Isomerization and Chelation (55 °C)11 
M solvent k. k_. k2 K3 ~q=k/k_. 
108 s-• 108 s-• 108 s-• 108 s-• 
Cr (CD3)C6Ds 1.22 0.65 1.15 1.24 1.88 
Mo (CD3)C6D5 759 387 29.6 30.3 1.96 
w (CD3)C6D5 2.31 0.97 2.38 
-- --
w CDC13 2.03 1.25 0.32 0.46 1.62 
The isomerization of the above compounds in solution was followed by 31P{1H} 
NMR spectroscopy. The rate of chelation of the tungsten complex in (CD)3C6D5 was too 
slow to measure. The chromium and molybdenum complexes, on the other hand, 
undergo chelation slowly but at measurable rates. Although the rate of chelation of the 
tungsten complex in (CD)3C6D5 was too slow to measure, the isomerization of dangling 
phosphines does occur at a measurable rate. 
measure even at room temperature. 12 The isomerization was so fast that the isolation of 
3 
(C0)5M[ 11 '-PPh2CH2CH(PPh2) 2] (7) in pure form was not possible. It is possible to 
isolate (C0)5M[11 1-PPh2CH(PPh2)CH2PPh2] (8) because it is less soluble than 7 and 
precipitates from solution as the mixture is concentrated. 
(OC)sWPPh2 PPhi 
'-<PP hi 
7 
~ ... k1 (OC)s:phi PPhi 
k.1 Phi 
8 
(3) 
Quantitative kinetic and thermodynamic data of the above isomerization as determined by 
31P {1H} NMR spectroscopy were reported. 12 
Table 2. Rate Constants for Isomerization at Different Temperatures. 
temp(K) k1(s·1) k.1(s·1) ln2/( kl + k.1) 
283 (1.60± o.04) x 1 o·6 (2.61 ± 0.06) x 10·7 4.31days 
298 (l.18± 0.01) x 10·5 (2.50± 0.01) x 10"6 13.5h 
313 (7.95 ± 0.3) x 10·5 (2.11±0.1)x10·5 2.4h 
Table 3. Equilibrium Constants (K) for the Isomerization at Different Temperatures. 
T(K) K 
283 6.14± 0.04 
298 4.74± 0.01 
313 3.76± 0.05 
328 3.01±0.02 
4 
Table 4. Activation Parameters for Isomerization. 
Activation Value Activation Value 
Parameter Parameter 
~H" (forward) 92.6 ± 1.9 kJ mo1·1 m" (reverse) 104.5± 1.8 kJ mot·• 
~S" (forward) -28.2± 6.2 J mor' K-1 ~S" (reverse) -1.0±0 6 kJ mo1-1K·1 
~G"298 (forward) 101.0± 2.6 kJ mor1 ~G"298 (reverse) 104.8± 2.5 kJ moi-1 
E3(forward) 95.3± 1.8 kJ mo1·1 E3(reverse) 107 .0± 1.6 kJ mor1 
At 328 K, it was shown by calculation that the isomerization of 7 and 8 is about 
four orders of magnitude faster than the isomerization of 4c and Sc, respectively. In 
addition, it was also surprising that the most sterically congested end of 
PPh2CH2CH(PPh2) 2 is the one that is coordinated in the more stable isomer. Therefore 
the isomerization of 7 and 8 is highly unusual for both thermodynamic and kinetic 
reasons. It appears that the second dangling phosphine arm present in 7 and 8 accelerates 
the exchange of all metal-attached ligands. 
Based on the above facts, it was proposed that an associative mechanism as shown 
in Scheme 1, accounted for the observed results. 
Ph 
p p 
oo,,,, I ",,,co 
'···w ···'' 
oc,,-l'co 
co 
7 9 
Scheme 1 
5 
8 
The weakening of the existing W-P bond and the formation of the new W-P bond 
are accompanied by the onset of an interaction between the equatorial carbonyl groups 
and the dangling CH2PPh2• The large decrease in entropy for the forward activation is 
consistent with an interaction involving all three phosphine arms in the transition state. 
The transition state exhibits three phosphine interactions, one in which the reactant bond 
is weakening, one in which the incoming dangling phosphine is interacting with tungsten 
to form a new bond, and one in which the short arm experiences an interaction with the 
equatorial carbonyl groups. 
It is well-known that metal carbonyls are susceptible to reaction with nucleophiles 
such as carbanions (R-) and it is not unreasonable to assume that the lone pair of 
phosphorus has some weaker attraction for the carbon ofM-CO. If this interaction occurs, 
it would have the effect of making the metal more electron rich and less attractive to the 
bound phosphine. 
It is also well-known that substitution rates in metal carbonyls are greatly 
influenced by the nature of the ligands cis to the ligand that is replaced. 13 Particularly, 
ligands that are capable of pi donation stabilize a 5-coordinate transition state and 
accelerate the reaction. For the phosphine system, it is the interaction between the short 
dangling phosphine arm and the cis carbonyl group that stabilizes the transition state and 
makes the isomerization rates much faster than the isomerization of 4 and 5 in which an 
accelerating arm is lacking and there is no such interaction. 
In support of the ground state interaction between the dangling phosphine arm and 
the equatorial carbonyls is a crystal structure of (C0)5W[TJ 1-PPh2CH2PPh2] 2, a complex 
6 
with a short arm similar to 8. 14 In 2. the dangling phosphine is tilted toward one of the 
equatorial carbonyl groups, with a phosphine-carbon separation (3.55 A 0 ) equal to the 
approximate sum of the van der Waals radii for C and P (3.50-3.55 A 0 ) . This interaction 
may be even more important in the transition state. 
To test the above mechanistic hypothesis further, our research group has proposed 
studies on the kinetics and thermodynamics of the isomerization of a variety of dangling 
phosphine complexes. Two such complexes, (C0)5W[11 1-PPh2CH2P(p-tol)2] 10 and 
(C0)5W[11 1- PPh2CH2CH(PPh2){P(p-tol)2}] 11, are relevant to this research. 
The two tolyl containing complexes would allow exchange between the 
coordinated phosphine and a short dangling arm to be monitored, something that was not 
possible in complex 2. If the linkage isomer phosphorus exchange in 10 is slow like that 
found in 4 and 5, it would add weight to the argument that two arms are needed for 
acceleration. If exchange is just as fast as or faster than that of7 and 8, our current 
postulation would be reconsidered. 
It would be even better to study phosphine exchange in (C0)5W[11 1-
PPh2CH2CH(PPh2) {P(p-tol)2}] because this complex has three non-equivalent phosphorus 
groups. It should be possible to measure not only the isomerization between phosphorus 
atoms separated by two carbon atoms but also the isomerization between phosphorus 
atoms separated by one carbon atom. 
Our goals in this research were as follows: 
7 
(1) Synthesis of (C0)5W['11 1-PPh2CH2P(p-tol)2] and its linkage isomer (C0)5W[ri 1-P(p-
tol)2CH2PPh2]. 
(2) Determination of the rates of isomerization of (C0)5W[ri 1-PPh2CH2P(p-tol)2] and 
(C0)5 W[ ri '-P(p-tol)2CH2PPh2] , and the equilibrium constants at several temperatures 
(298 K, 313 K, and 328 K). The kinetic data would allow the determination of 
activation parameters, MI"' and ~S"' for isomerization, and from these values 
mechanistic insight could be gained. 
(3) Synthesis of (C0)5W[TJ 1- PPh2CH2CH(PPh2) {P(p-tol)2}] for kinetic and equilibrium 
studies. 
Diphosphine ligands can be symmetrical such as Ph2PCH2PPh2 and 
Ph2PCH2CH2PPh2 or unsymmetrical such as Ph2PCH2CH2P(p-tol)2• The lengths of the 
arm can be varied by changing the number of the carbons between the two phosphine 
groups. For example, n can be 1, 2, or higher for ligands such as Ph2P(CH2)nPPh2. 
Many different methods of preparation of dangling phosphine complexes have been 
reported. Displacement of aniline in (C0)5 W(NH2Ph) by diphosphine ligands at room 
temperature was the frrst systematic approach.7 The complex, (C0)5W[ri 1-PPh2CH2PPh2], 
was obtained selectively in good yield by this method. The reaction of (C0)5 W(NH2Ph) 
with Ph2PCH2CH2PPh2 was not selective and depended on the mole ratio of 
Ph2PCH2CH2PPh2 and (C0)5W(NH2Ph). The dangling complex (C0)5W[ri'-
PPh2CH2CH2PPh2] was obtained when the ratio of ligand to aniline complex was 3:1 , 
while with a ratio of 1:1, the bimetallic complex (C0)5WPPh2CH2CH2PPh2W(C0)5 was 
8 
the principal product. The selectivity achieved for the n= l dangling phosphine complex 
may be steric in origin but is also possible that an interaction between the dangling 
phosphine and the carbonyl groups on the metal make the lone pair of the dangling 
phosphine unavailable for reacting with a second W(C0)5 unit.7 
The general reaction of aniline displacement is: 
The method successfully prevents the formation of chelated products because the 
substitution reaction takes place at room temperature and CO is not lost. Therefore, the 
chelated product does not form. However, the reaction conditions (mainly the ratio of the 
reactants) need to be controlled to prevent formation of the bridged complex when the 
long arm (n ~ 2) is present. When the ligands are unsymmetrical, a mixture of linkage 
isomers is invariably obtained. For example, if this method is used to synthesize 
(C0)5W[r(PPh2CH2CH2P(p-tol)2] via the substitution reaction of (C0)5M(NH2Ph) by 
Ph2PCH2CH2P(p-tol)2, the linkage isomer (C0)5W[ri 1-P(p-tol)2CH2CH2PPh2] would also 
be formed. 
(C0)5W(NH2Ph) + Ph2PCH2CH2P(p-tol)2 --
(CO)sW[ri1-PPh2CH2CH2P(p-tol)2] + (C0)5W[ri 1- P(p-tol)2CH2CH2PPh2] (5) 
The ratio of the two products would depend on the relative nucleophilicity of the 
phosphine groups and also on reaction time. 
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The are some other methods that are similar to the above method. Connor, Jones 
and McEwen15 utilized strong Lewis acids to assist the substitution ofx- from 
( X = halogen). (6) 
Dangling phosphine tungsten complexes can also be prepared from W(C0)6 and 
Another method for preparing dangling phosphine complexes is the addition of a 
secondary phosphine to an activated carbon-carbon double bond in the presence of 
(C0)5W(PPh2CH=CH2) under free-radical conditions [2,2'-azobis(isobutyronitrile) 
(AIBN)] or base-catalysis condition (KOBu-t) has been reported. 19 The addition reaction 
obtained under base-catalyzed conditions. 
(OC)s WPPh2CH=CH2 + Ph2PH AIBN ,._ (OC)s WPPhiCH2CH2PPh 
or KOBu-t 
(OC)sWPPhiH + CH2=CHPPh2 
(7) 
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Dangling diphosphine iron complexes, e.g. Fe(CO)ir1 1-PPh2CH2CH2PPh2), have 
also been synthesized through a base-promoted addition reaction.20 
The addition method is suitable for preparing the n=2 dangling phosphines complexes. 
Unsymmetrical diphosphine complexes can also obtained in pure form if phosphorus 
exchange between the complex and its linkage isomer is slow. The dangling phosphine 
complexes of n= 1 cannot be prepared by this method. 
Based on the chemical literature cited above, it was decided to synthesize 
(C0)5W[ri 1-PPh2CH2P(p-tol)2] and its linkage isomer (C0)5W[ri 1-P(p-tol)2CH2PPh2] by 
the substitution of aniline in (C0)5 W(NH2Ph) by (p-tol)2PCH2PPh2• It is well-known that 
(C0)5W(NH2Ph) can be easily prepared from the photolytic reaction ofW(C0)6 with 
NH2Ph.21 Although a mixture of (C0)5W[ri 1-PPh2CH2P(p-toJ)2] and linkage isomer 
(C0)5W[ri 1-P(p-tol)2CH2PPh2] was expected, the proposed kinetic and thermodynamic 
studies on isomerization could be carried out. 
The synthesis of the ligand (p-tol)2PCH2PPh2 has not been reported previously. 
The ligand is an unsymmetrical diphosphine with both phosphorus atoms on the same 
carbon (n=l). There are some literature reports for the preparation of unsymmetrical 
bis( diorganophosphino )methane. Grim and Mitchell22 reported the synthesis of 
( diphenylphosphino )( diorganophosphino )methane (Ph2PCH2PR1R2 ) by two different 
methods. The first method reduces Ph2P(S)CH2PR1R2 with Si2Cl6 or Na metal. The 
results were as follows: 
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Ph2P(S)CH2PR1R2 Ph2PCH2PR 1R2 (9) 
RI R2 Reductant yield(%) 
Ph i-Pr Si2Cl6 39 
Ph Et Si2Cl6 18 
Ph Me Na 30 
The second method substitutes chloride in ClPR1R2 by reaction with Ph2PCH2Li, 
which in tum was prepared from the reaction between Ph2PCH3 and n-BuLi in hexane in 
the presence of tetramethylethyldiamine (TMED). 
This first method requires Ph2P(S)CH2PR1R2 which can be prepared from 
Ph2P(S)CH2Li and ClPR1R2 according to the reactions shown below23. 
R1, R2 = Me, i-Pr, t-Bu. 
(10) 
(11) 
(12) 
The yields by this method were not good. Sodium reduction also leads to phenyl 
cleavage to give undesirable products. 
The second method seems to be an appealing method for Ph2PCH2PR1R2 , but the 
metalation reaction of Ph2PCH3 with n-BuLi in tetramethylethyliamine (TMED) only 
gives about 50% yield, and it is very difficult to remove the unreacted Ph2PCH3 from the 
desired product. 
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Langhans24 reported an unsymmetrical bis( diphospino )methane derivative, 
Alkylation of Ph2PH with CH2Cl2 under phase-transfer conditions ( dichloromethane/ 
toluene/water) affords Ph2PCH2Cl in high yield. The Ph2PCH2Cl reacts with PH3 in the 
presence of a two-phase transfer system (including n-Bu4NC1) to yield the 
tertiary/primary methylenebis(phosphine ), Ph2PCH2PH2. 
PruPH + ClliCh + KOH Toluene/H2~ PruPCH2Cl 
n-Bu4NCI, 4 C (99%) (13) 
PruPClliCl + Plli + KOH Toluene/H20~PhiPCH2Plli 
n-Bu4NCI, 60 (84%) (14) 
The hydrogen attached to P of Ph2PCH2PH2 can be substituted by trimethylsilyl by 
the reaction with n-BuLi to give a lithium phosphide followed by reaction with Me3SiCl. 
PluPCH2PH2 +2 Me3SiCl 2 n-Bu~i0~Hex31. Ph2PCH2P(SiMe3) 
- (74%) (15) 
This reaction appeared to be a good method for the synthesis of Ph2PCH2P(p-tol)2 
because the reaction takes place under mild condition, the yield is good, and the starting 
materials are easy to obtain. The liter~ture, however, only reported the reaction of PH3 
which has only a small steric effect on the second step of the synthesis. If Ph2PH or HP(p-
tol)2 is used, more intense reaction conditions might be necessary to overcome the steric 
effect. More intense reaction conditions, however, will cause Ph2PCH2Cl to undertake 
other reactions such as polymerization since Ph2PCH2Cl is very unstable. Other drawbacks 
include the toxicity of PH3 and the gi:eat air-sensitivity of both PH3 and Ph2PCH2PH2• 
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which in turn was obtained from the reaction between Ph3P and sodium. The yield was 
about 80% (based on the 31P NMR spectrum of the crude reaction mixture). They also 
reported that it was not possible to separate the product as a pure compound. The 
compound rapidly decomposes by quaternization or oxidation during various 
manipulations that involved warming or vacuum concentrating. Previous work in our 
laboratory shows that Ph2PCH2Cl is unstable even at room temperature.26 
Unsymmetrical bis( diphosphino )methane has also been prepared from 
ammonia. The silyl reagent, Ph2PCH2SiMe3, reacts with R2PC1 at about 150°C to give 
Ph2PCH2PR2• The synthesis of Ph2PCH2PPh2 ( R =Ph) by this method gives a good yield 
(81- 86%).27 
Ph2CH2SiMe3 + ClPPlu 1so
0c . 
2-4 h )Ila Ph2PCH2PPh2 + CIS1Me3 (16) 
(C0)5WPPh2CH2CH2P(p-tol)2 and its linkage isomer have been reported previously. 
Kinetic and thermodynamic results were analyzed. The compound (C0)5W[ri 1-
to participate in a similar isomerization reaction. 
kt 
(CO)sWPPh2CH2P(p-tol)2 ~-t.. (CO)sWP(p-tol)2CH2PPh2 
(17) 
10 12 
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Previous methods for obtaining kinetic and thermodynamic data were applicable. 
The ratio of 10 and 12 at different times can be measured through 31P {'H} NMR spectral 
integration. The equilibrium ratio can also be determined experimentally if the 
isomerization time is long enough. At that point, the ratio of 10 and 12 does not change 
with time. Based on these numbers, k1 and k_1 can be obtained at different temperatures. 
From the k values, the half-life to equilibrium (t112), activation energy (E1), enthalpy of 
activation (MI .. ), entropy of activation (6S .. ), and free energy of activation (6G•) for both 
the forward and backward isomerization can be calculated. The values for the change of 
enthalpy (MI0 ), the change of entropy (6S0 ), and the change of free energy (6G0 ) for the 
isomerization at different temperature can also be determined. From the kinetic and 
thermodynamic studies, it was our hope to support or amend the previous proposed 
mechanism of isomerization. 
It is possible that tridentate phosphine complexes with two dangling phosphine 
groups can be synthesized by displacing aniline from (C0)5 W(NH2Ph) with 
PPh2CH2CH(PPh2)[P(p-tol)2]. If this method is used, the ratio between the tridentate 
phosphine ligand and (C0)5 W(NH2Ph) needs to be controlled to ensure that only one of 
the three phosphine groups coordinates to the metal. The first problem, however, is how 
to synthesize the ligand PPh2CH2CH(PPhJ[P(p-tol)2]. 
It has been reported that the similar tridentate phosphine complex, (C0)5M[11 1-
PPh2CH2CH(PPh2)2] (7) can be synthesized by adding (C0)5 W(HPPh2) to protected 
(Ph2P)2C=CH2, followed by removal of the protecting group to give 7. 28 
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Pm 
+ (OC)sWPPmH _ KO_ B_ u_-t __ ,.,,,~c1,p ~'--..JPW(CO)s ~ / t,_/ Ph2 
Cl "P 
Ph2 
7 
Without the protecting group, chelation takes place.29 
PluP ~ '\::::: + (OC)sWPPluH 
PluP"' 
(18) 
(19) . 
Of the two methods, we prefer the aniline displacement for synthesis of 
(C0)5W[ri'-PPh2CH2CH(PPh2){P{p-tol)2}] and its linkage isomers. The protecting group 
is less attractive because it requires expensive reagents and toxic CN-. 
The synthesis of PPh2CH2CH(PPh2)[P{p-tol)2] has not been previously reported, 
but the synthesis of a similar compound, 1,1,2-tris(diphenylphosphine)ethane 
PPh2CH2CH(PPh2) 2, has been reported.30•31 Base-catalyzed hydrophosphorylation of 
Ph2P KOBu-t Ph2YPh 
.. ~ +HPPhi )11111 
PmJY' Phi (85%) (20) 
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The double bond of 1,1-bisdiphenylphosphinoethene (Ph2P)2C=CH2 is activated by 
the phosphine groups and the nucleophilic addition reaction is facile. The vinyl 
phosphine, (Ph2P)HC=CH2, reacts similarly.30 
The ligand, (Ph2P)2C=CH2, can easily be prepared from Cl2C=CH2, 32 with two 
chlorine atoms of Cl2C=CH2 substituted by Ph2P-. 
(21) 
Based on the above method, it might be possible to synthesize [(p-tol)2P] 
(Ph2P)C=CH2, and if so, it should be possible to synthesize PPh2CH2CH(PPh2)[P(p-tol)2]. 
Another approach, based on a literature reaction, is promising. The ligand, 1, 1,2-
tris( diphenylphosphine )ethylene, can be prepared from bis( diphenylphosphino )acetylene 
via a nucleophilic addition reaction with Ph2PH in the presence ofKOBu-t at about 70 
oc. 31 
(22) 
It is possible that the hydrogenation of 1, 1,2-tris( diphenylphosphine )ethylene can 
give 1, 1,2-tris( diphenylphosphine )ethane PPh2CH2CH(PPh2) 2• Therefore it is also 
possible that PPh2CH2CH(PPh2)[P(p-tol)2] can be prepared from Ph2PC=CPPh2 and 
HP(p-tol)2• 
In summary, based on the above analysis of synthesizing 1,1,2-
tris(diphenylphosphine)ethane, several synthetic routes were considered for synthesis of 
Ph2PCH2CH(PPh2)[P(p-tol)2]: 
(1) Substitution of one chlorine atom in Cl2C=CH2 by LiPPh2, followed by 
substitution of the second chlorine atom by LiP(p-tol)2 would give ((p-
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tol)2P]Ph2PC=CH2• Addition ofHPPh2 to thls compound would produce 
PPh2CH2CH(PPh2)[P(p-tol)2]. 
Cl2C=CH2 + LiPPh2 ~ (Ph2P)CIC=CH2 (23) 
(Ph2P)ClC=CH2 + LiP(p-tol)2 ~ [(p-tol)2P](Ph2P)C=CH2 (24) 
[(p-tol)2P](Ph2P)C=CH2 + HPPh2 ~ [(p-tol)2P](Ph2P)CHCH2PPh2 (25) 
(2) Synthesis of [(p-tol)2P](Ph2P)CHCH2PPh2 from the addition reaction between 
trans- Ph2PCH=CHPPh2 and HP(p-tol)2 may be possible. 
trans-Ph2PCH=CHPPh2 + HP(p-tol)2 ~ [(p-tol)2P](Ph2P)CHCH2PPh2 (26) 
(3) Similarly, synthesis of [(p-tol)2P](Ph2P)CHCH2PPh2 from the addition 
reaction between cis-Ph2PCH=CHPPh2 and HP(p-tol)2 may give the desired product. 
cis-Ph2PCH=CHPPh2 + HP(p-tol)2 ~ [(p-tol)2P](Ph2P)CHCH2PPh2 (27) 
The nucleophilic addition ofHP(p-tol)2 to a double bond is used in the above three 
reactions, but the above three reactions are very different from each other. In the first 
method, focus is on the synthesis of [(p-tol)2P](Ph2P)C=CH2, while in the second and 
third methods, focus is on nucleopliilic addition conditions. The carbon-carbon double 
bonds of trans-Ph2PCH=CHPPh2 and cis-Ph2PCH=CHPPh2 would be expected to have 
different activities towards nucleophilic addition. 
(4) Synthesis of [(p-tol)2P]Ph2PCHCH2PPh2 through the hydrogenation of [(p-
tol)2P]Ph2PC=CHPPh2 may also be possible. 
Ph2PC=CPPh2 + HP(p-tol)2 ~ [(p-tol)2P](Ph2P)C=CHPPh2 (28) 
[(p-tol)2P](Ph2P)C=CHPPh2 + H2 ~ [(p-tol)2P](Ph2P)CHCH2PPh2 (29) 
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Experimental Section 
All reactions were carried out under a nitrogen atmosphere. Tetrahydrofuran 
(THF) was dried with sodium metal in the presence ofbenzophenone and was freshly 
distilled under N2 before use. All other solvents were used without further purification. 
The starting materials were obtained from commercial suppliers and used without 
purification. 
The infrared spectra of the carbonyl groups were obtained with a Nicolet 20 DXB 
Fourier transform spectrometer. Chloroform was used as a solvent. The instrument used 
for the 31 P {1H} nuclear magnetic resonance spectroscopy (NMR) was a General Electric 
QE-300 NMR spectrometer. All melting points were taken by a capillary melting point 
apparatus (Arthur H. Thomas Company). Elemental analysis were carried out by the 
microanalytical laboratory at the University of Illinois University at Urbana-Champaign. 
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Part A: The synthesis of (OC)5 W[PPh2CH2P(p-tol)2) and its linkage isomer 
(OC)5 W[P(p-tol)2CH2PPh2). 
1) Chloro( diphenylphosphino )methane, Ph2PCH2CI 24 
Into a 100 rnL flask equipped with a magnetic stirrer and N2-inlet tube were 
placed 25 mL ofCH2Cl2, 7.5 mL of toluene, KOH (3.0 g, 53.6 mmol), 2 mL of water and 
n-Bu4NC1 (1.8 g, 6.5 mmols). The mixture was stirred about 15 minutes until all KOH 
was dissolved. To this mixture was added very slowly over 1.5 hours with a syringe 1.6 
ml of P~PH (1.7 g, 9.2 mmol). The mixture was stirred at room temperature for about 28 
hours and then washed with deoxygenated water until the washings had a pH of about 7. 
The remaining mixture was dried with anhydrous MgS04, filtered, and dichloromethane 
and toluene were removed from the filtrate under vacuum. The remaining white residue 
contained Ph2PCH2Cl and was used without further purification. 31 P {1H} NMR: o -8.5 
ppm,3ta. b Fig. 1. 
2) Tri(p-tolylphosphine), P(p-tol)/ 4 
Into a 2000 ml 3-neck flask equipped with a condenser, a N2 inlet tube, a magnetic 
stirrer, and a dropping funnel were placed 300 ml of anhydrous diethyl ether, magnesium 
(19.8 g, 0.815 mol) and a granule of iodine. A solution of 100 ml of p-bromotoluene 
(139 g, 0.811 mol), dissolved in 200 ml of anhydrous diethyl ether, was added in drops 
over the course of 3 hours. The exothermic reaction was controlled within 35-36 °C by a 
cold water bath to allow gentle reflux. A solution of freshly distilled PC13 (20 mL, 0.23 
mol) in anhydrous diethyl ether (180 mL) was added in drops over the course of 3 hours 
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to the above mixture and cooled to -6 °C by a mixture of ice and NaCL The resulting 
solution was heated under reflux for 1 hour, cooled with ice, hydrolyzed with highly 
concentrated NH4Cl solution, and filtered to remove the solid. The filtrate was dried over 
anhydrous MgS04 overnight and the solvent was removed with a rotary evaporator. A 
light yellow solid (45.4 g) of P(p-tol)3 was obtained after recrystallization from a 
dichloromethane and methanol solution. mp: 146-148 °C (literature: 148-150 °C). 
31P{1H} NMR: 8 -7.3ppm, Fig. 2. 
3) Lithium Di-p-tolylphosphide; LiP(p-tol)/5 
Into a 150 ml flask equipped with a condenser, magnetic stirrer, and N2 inlet tube 
were placed P(p-tol)3 (7.6 g, 25 mmol), finely cut Li (0.7 g) wire and 50 ml ofTHF. The 
mixture was stirred at room temperature for about 30 hr. To this solution was added 2. 72 
mL of (CH3) 3CC1 (25 mmol). The dark red solution was stirred at room temperature for 
2.5 hours. The solution of LiP(p-tol)2 in THF was used without further purification. 
4) (Diphenylphosphino )( di-p-tolylphosphino )methane, Ph2PCH2P(p-tol)2 
The previously prepared Ph2PCH2Cl was used immediately after dichloromethane 
and toluene were removed. It was dissolved in about 60 mL ofTHF and under a nitrogen 
atmosphere and the above red solution ofLiP(p-tol)2 in THF was added slowly. At first 
the red color ofLiP(p-tol)2 in THF disappeared very fast. After about 19 mL of the red 
solution was added, the red color disappeared very slowly. The addition was stopped at 
this time. The mixture was left to stir at room temperature for 20 hrs. The THF was 
removed by vacuum to give a semisolid oil. The oil was crystallized from ethyl alcohol to 
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give a white solid 1.49 g (41 % based on HPPh2). 3 1P{ 1H} NMR(CDC13): Orrh2 -22.1 
ppm (2Jp.p = 126.7 Hz); 8P(JJ-tol)2 -23.8 ppm ( 2Jp_p = 126.7 Hz), Fig. 3, 4. 
5) Di(p-tolyl)phosphine oxide, (p-tol)2P(O)H36· 37 
To a mixture of magnesium turnings (12.0 g, 0.494 mol), a granule of iodine and 
diethyl ether (100 mL) was added slowly 4-CH3C6H4Br (74.6g, 0.436 mol) in 150 mL of 
diethyl ether. After 3 hours, the mixture was heated under reflux for 15 minutes. The 
mixture was cooled to room temperature and dimethyl phosphite (16.0g, 0.145 mol) in 80 
ml of diethyl ether was added slowly with stirring after which the mixture was heated for 
15 minutes. The mixture was cooled to 0 °C and 10% hydrochloric acid (200 mL) was 
added slowly, followed by 200 ml of water. The diether layer was dried with N~S04 and 
evaporated to give 20.6 g of white solid (61.8%). mp: 97-98 °C (lit. 94-96 °C 37). 
6) Chlorodi(p-tolyl)phosphine, (p-tol)2PCl37 
A solution of (p-tol)2P(O)H°(9 .00 g, 39 .1 mmol) in 30 ml of benzene was added 
dropwise to 10 mL of freshly distilled PC13 in 30 mL of benzene at 20-30°C. After 
addition, the mixture was stirred for 45 minutes. The benzene and unreacted PC13 were 
removed under vacuwn. The product (p-tol)2PC1(4.2g, 40.6%) was purified by 
distillation during 190-195 °C at about 4 mmHg. 
7) Trimethylsilyldiphenylphosphinomethane, Ph2PCH2SiMe3 27 
To a flask equipped with a N2-inlet tube and a magnetic stirrer was placed about 
150 mL of liquid ammonia to which was added 3.84 g of Na (0.167 mol). The solution 
turned blue. To this solution was added 29.l g (0.167 mol) ofPh2PH over 10 minutes. 
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The blue solution turned red. After ten minutes, 25.0 ml (0.117 mot) of (CH3) 3SiCH2Cl 
(98%) was added slowly. The mixture was left to stir until all the liquid ammonia 
vaporized. The mixture was extracted with 10 mL of diethyl ether and the extract was 
concentrated by distillation. The product, Ph2PCH2SiMe3, was obtained by distillation 
(180-190°C15 mmHg) (86.5%). 
8) (Diphenylphosphino )( di-p-tolylphosphino )methane, Ph2PCH2P(p-tol)2, from 
Ph2PCH2SiMe3 27 
A solution of Ph2PCH2SiMe3 (1.5 g, 5.5 mmol) and (p-tol)2PCl (1.2 g, 4.9 mmol) 
was placed in a 50 mL flask equipped with a condenser and a N2-inlet tube. The mixture 
was heated with an oil bath. The temperature was increased slowly over 3 hours to about 
140°C. Some gas vapor was observed in the condenser. The mixture was heated at about 
150°C for about 1 hour and the low boiling product, Me3SiCl, was removed by vacuum. 
The solid remaining was recrystallized from ethyl alcohol to give a white solid (1.90 g; 
83.7%). 31P{1H} NMR(CDC13): 8PPh2 -22.0 ppm, (2Jp.p = 126.l Hz); 8 P(/J-tol)2 -23.7 ppm, 
(2Jp.p = 126.lHz), Fig. 5. 
9) (Aniline)pentacarbonyltungsten(O), W(OC)5(NH2Ph)38 
A mixture of W(C0)6 (10.0 g, 28.4 mmol) and freshly distilled aniline (9.90 mL, 
108.7 mmol) were irradiated in 400 mL of dry THF for 8 hours. The solution turned from 
colorless to yellow. The THF was removed completely by rotavaporation. The residue 
was coagulated by adding dilute HCl and washed with deionized water. The yellow solid 
was collected by filtration and was sublimed under vacuum at 35- 40 °C for 24 hours to 
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remove the unreacted W(C0)6• The product W(OC)5(NH2Ph) (9.84 g, 83.1 %) was 
obtained. IR[v(c=o>(CHC13) cm·']: 1930 (vs), 1977(m), Fig. 6. 
10) Pentacarbonyl[ ( diphenylphosphino )( di-p-tolyl)phosphinornethane]tungsten(O) 
(OC)5W[T\ 1-Ph2PCH2P(p-tol)2] and its linkage isomer (OC)5W[T\ 1-(p-tol)2PCH2PPh2] 
To a solution of Ph2PCH2P(p-tol)2 (0.90g, 2.2 mmol) in 30 mL of CH2Cl2 in a 100 
mL flask equipped with a N2-inlet tube and a magnetic stirring bar was added 0.83 g (2.0 
mmol) of (OC)5 W(NH2Ph) in 30 mL CH2Cl2 over about 5 minutes. The mixture was left 
to stir at room temperature for 24 hours after which the CH2Cl2 solution was removed 
with a rotary evaporator. The resulting solid was dissolved in a mixture of 5 ml of CH2Cl2 
and 5 mL of methanol. The mixture was placed in a refrigerator freezer (-15 °C) and 
white solid formed slowly. The white solid was recrystallized from a mixture of CH2Cl2 
and CH30H (1:1) to give 1.2 g of product 81.5%. IR[vcc.o>(CHC13) cm·1] 2070(m), 
1980(w), 1933(s); Fig 7. 31 P {1H} NMR(CDCl3) of major compounds (Fig. 8, 9, and 10): 
(OC)5W[r(Ph2PCH2P(p-tol)2]: op.w 10.l ppm (1Jp.w = 245.0 Hz, 2Jp.p = 104.9 Hz), 
OPCP·tol)2 -26.1 ppm (2Jp.p = 104.9 Hz); 
(OC)5W[11 1-(p-tol)2PCH2PPh2]: op.w 8.0 ppm (1Jp.w = 244.4 Hz, 2Jp.p = 104.0 Hz;), 
oPPhi -23.9 ppm (2Jp.p = 104.0 Hz); 
31P{1H} NMR(CDCl3) of minor compounds: 
(OC)5W[11 1-Ph2PCH2PPh2]: op.w 10.5 ppm (1Jp.w = 245.6Hz, 2Jp.p = 105.l Hz), 
oPPhi -24.2 ppm (2Jp.p = 105.1 Hz) 
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(OC)5W[11 1-(p-tol)2PCH2P(p-tol)2] : 8P-w 7.9 ppm (1Jp-w 244.4 Hz, 2JP-P = 102.8 Hz); 
bPh2 -26.1 ppm (2Jp.p = 102.8 Hz); 
13C{1H} NMR spectrum of the carbonyl region of (C0)5W['t1 1-P(p-tolyl)2CH2PPh2]. 8cis = 
205.7 ppm (dd, 21pc = 7.1 Hz; 4Jpp = 2.9 Hz) 81rans = 208.2 ppm (d, 2Jpc = 21.7 Hz). Fig. 11. 
1H NMR, 8c6Hs.c6H4,= 7.0 - 7.3 ppm (m, 18 H), 8cH2 = 3.28 ppm (dd, 2H), 8cH3 = 2.30 
ppm (s, 6H), Fig. 12. 
The linkage isomers were further purified by dissolving 1.0 g of the isomer 
mixture in 3 mL of CH2Cl2 and adding 6 ml of methanol very slowly, so that the 
methanol did not mix with the CH2Cl2. The layered solution was placed in the 
refrigerator for about three weeks. White solid was obtained and the purification step was 
repeated once more. The white crystals were dried. m.p. 168-170 °C (decomposed). 
Anal. Calcd. for C32H260 5P2W: C, 52.20; H, 3.60; P, 8.41. Found: C, 51.99; H, 3.44; P, 
8.80. 
Part B: The kinetic and equilibrium studies 
The NMR experiments on (OC)5W[11 1-Ph2PCH2P(p-tol)2] and its linkage isomer 
(OC)5W[11 1-(p-tol)2PCH2PPh2] were performed at 25, 40, and 55°C. Into a NMR tube was 
placed about 30 mg of the mixture of(OC)5W[11 1-Ph2PCH2P(p-tol)2] and (OC)5W[11 1-(p-
tol)2PCH2PPh2]. About 0.5 ml of CDC13 was added to dissolve the mixture. The tube was 
vacuum sealed and placed into a thermostatic water bath. 31P {1H} NMR spectra were 
taken of the samples periodically. The temperature of the NMR probe was brought to the 
appropriate temperature before the spectrum was taken. The ratio of the two isomers in 
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the NMR tube was determined by integration of the signals of the phosphorus nuclei. 
Integrations were performed with a data processing program (NUTS) designed for IBM-
compatible personal computers. The isomer ratio changes with the time as equilibrium is 
approached. Equilibrium was assumed to have been reached when the ratio of isomers no 
longer changed with time. The reaction at 25 °C was so slow that equilibrium was not 
reached in the course of these experiments. 
Part C: Pentacarbonyl(l ,l-diphenylphosphinodi-p-tolylpbosphino )2-diphenyl-
pbosphinoethane (OC)5W[Pb2PCH{P(p-tol)2}CH2PPh2 ] and its linkage isomers. 
1) Attempted preparation of ( diphenylphospbino )( di-p-tolylpbospbino )ethene, 
[ (p-tol)2P] (Ph2P)(Cl)C=CH2 
To a solution of 6.96 rnL of Ph2PH (7.45 g, 40.0 mmol) in 60 mL of dried THF, 
40 mmol of BuLi (25.0 mL, 1.6 M) was added slowly with a syringe while the solution 
was stirred under nitrogen. After the addition the solution was left to stir at room 
temperature for 2 hours. The resulting Ph2PLi solution was added dropwise to 40.0 g of 
Cl2C=CH2 (excess) solution in 60 ml of toluene. The addition was finished in about 3 
hours. The dark brown solution was allowed to stir for one hour. The unreacted 
Cl2C=CH2 and solvents were removed by high vacuum. The residue was dissolved in 
dried THF and used for the following reaction immediately. 
To a solution of (p-tol)3P (2.34 g, 7.70 mmol) in 30 ml THF, 0.4 g of finely cut Li 
wire was added. The mixture was left to react under nitrogen for about 30 hours at room 
temperature. The unreacted Li wire was removed by fi ltration under nitrogen. To this 
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solution was added 0.84 ml ofMe3CCl over 0.5 hour. After addition, the mixture was 
stirred at room temperature for about 2 hours. 
A syringe was used to transfer the LiP(tol)2 solution to the solution from the first 
step. The addition was carried out slowly and after addition the dark colored solution was 
left to stir at room temperature for 2 hours. To this solution was slowly added 40 ml of 
dilute hydrochloric acid. The dark color disappeared and two layers developed. The water 
layer was extracted with two 15 ml aliquots of diethyl ether. The organic layers were 
combined and dried with magnesium sulfate. The solvent of the dried organic layer was 
removed by vacuum. To the residue was added 60 ml of absolute alcohol. After two days 
in the refrigerator, a yellow solid was formed and collected by filtration. The solid was 
recrystallized from dichloromethane I methanol (1 :2). 31P{1H} NMR(CDCl3): o(Ph2P)2C..CH2' 
-3.09 ppm.31 '32 A small amount of desired product, ((p-tol)2P](Ph2P)C=CH2, was also 
present. 8( Ph2P) = -3.09 ppm (2Jpp = 25.3 Hz), o(p-tol2P) = -4.05 ppm (2Jpp = 25.3 Hz), Fig 13. 
2) The reaction of [Ph2PCHPPh2r with Ph2PCH2Cl39 
To a mixture of25 rnL ofCH2Cl2 , 8 mL of toluene, 3.0 g of KOH, 2 mL of water 
and 1.8 g of [n-Bu4N]Cl was added 1.6 mL of Ph2PH very slowly with a syringe. The 
addition was finished in about 3 hours. The mixture was left to stir at room temperature 
for one day and washed with deoxygenated water until the pH was about 7. The organic 
fraction was dried with anhydrous MgS04, filtered, and the dichloromethane and toluene 
solvents were partially removed under vacuum. The Ph2PCH2Cl solution was diluted with 
20 rnL of toluene. 
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To a solution of Ph2PCH2PPh2 (3.84 g, 10.0 mmol) and N,N,N',N'-tetramethyl-
ethylenediamine(TMED) (1.5 mL, 10 mmol) in 40 mL of toluene, 6.3 mL ofn-BuLi (1.6 
M, 10 mmol) was added slowly with a syringe over 20 minutes. The mixture was allowed 
to stir for 2 hours. 
The Ph2PCH2Cl solution was added slowly to the above solution which was 
subsequently stirred at room temperature for 3 hours. The mixture was washed with 
deoxygenated water and dried with anhydrous MgS04 • The magnesium sulfate was 
removed by filtration and the solvent was removed from the filtrate under vacuum. The 
residue was crystallized from dichloromethane/methanol (1 :2) to give a white solid, 
identified as starting material Ph2PCH2PPh2. 31P {1H} NMR(CDCl3) o(Ph2PCH2PPh2) -22 ppm, 
m.p. 117 - 118 °C. 
3) Trans-(1,2-tetrapbenyldiphosphino )etbene, trans-Ph2PCH=CHPPh2 32 
To a solution of3.48 mL of Ph2PH (3.73 g, 20.0 mmol) in 60 mL of dried THF, 20 
mmol ofBuLi (12.5 mL, 1.6 M) was added slowly with a syringe. After the addition, the 
solution was left to stir at room temperature for 2 hours. The resulting Ph2PLi solution 
was added dropwise to 1.94 g (20.0 mmol) of trans-CICH=CHCl dissolved in 30 mL of 
THF. The addition was finished in about one-half hour. The mixture was allowed to stir 
for 2 hours and then washed with deoxygenated water and dried with anhydrous MgS04• 
The solvent was removed by high vacuum. The residue was recrystallized with 
dichloromethane/methanol (1 :2). White solid (3.5 g) was collected. 
31P{'H} NMR(CDC13): -7.4 ppm, Fig. 14. 
28 
4) The reaction of trans-Ph2PCH=CHPPh2 with Ph2PH: 
A mixture oftrans-Ph2PCH=CHPPh2 (1.98 g, 5.00 mmol) and HPPh2 (1.74 mL, 
10.0 mmol) were dissolved in 20 mL of dry THF. To this solution was added 0.8 mL (1 
M) of (CH3) 3COK solution in hexane via a syringe. After the mixture was stirred at 
72- 86 °C (oil) for 20 hours, it was cooled to room temperature and the solvent was 
removed under vacuum. The residue was dissolved in 6 mL CH2Cl2 and 8 mL ofMeOH, 
and the resulting solution placed in a refrigerator for one day. A white solid precipitated 
that was identified as the starting material trans-Ph2PCH=CHPPh2• 31P {1H} NMR 
(CDC13): -7.4 ppm. 
5) The reaction between (OC)5WPh2PH and Cl2C=CH2 : 
To a solution of(OC)5WPh2PH (2.55 g, 5.00 mmol) in 30 ml of dried THF, 3.13 
mL ofBuLi (1.6 M, 5.0 mmol) was added slowly with a syringe. After the addition, the 
solution was left to stir at room temperature for 2 hours. Via a syringe this solution was 
added dropwise into 15.0 g of Cl2C=CH2 (excess) dissolved in 30 mL ofTHF. The 
addition was fmished in one-half hour. The dark brown solution was allowed to stir for 6 
hours. The excess Cl2C=CH2 and solvent were removed by high vacuum. The residue, 
thought to contain [(OC)5 WPPh2](Cl)C=CH2, was dissolved in dried THF and used for 
following reaction immediately. 
6) The reaction between the solution from (5) and LiPPh2 
A solution ofLiPPh2 in THF (5.0 mL, 5.0 mmol), prepared as described previously, 
was added to the solution from preparation (5) over a half hour. After the addition, the 
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mixture was allowed to stir at room temperature for 24 hours. To this mixture was added 
slowly 15 mL of dilute hydrochloric acid. The water layer was extracted with two 10 ml 
aliquots of diethyl ether. The organic layers were combined and dried with magnesium 
sulfate. The solvent of the dried organic layer was removed by vacuum. The 31P NMR 
spectrum (Fig. 15) of the residue showed that (OC)5WPh2PH and cis-(OC)4W(Ph2PH)2 
were present, but there was no evidence for the desired product 
7) 1,1,2-tri( diphenylphosphino )ethene, (Ph1P)2C=CH(PPh2) 31 
Via syringe, 0.75 mL ofHPPh2 (0.80 g, 4.3 mmol) was added to a solution of 
Ph2PC=CPPh2 (1.0 g, 2.5 mmol) in 40 mL of toluene. To this solution was added 
Me3COK (1 M, 0.45 mL) over 1 miiiute. After the addition, the mixture was stirred in an 
oil bath at 76-86 °C for about 20 hours. After the solution was cooled, the solvent was 
removed under vacuum. The remaining oily semisolid was dissolved in CH2Cl2 (3 mL) 
and MeOH (6 mL). The mixture was placed in the refrigerator for 2 days. White solid 
was collected. 3 1P {'H} NMR(CDC13): Ph2P[A]CH=C(P[B]Ph2)(P[C]Ph2) 8(A) = -26.0 
ppm (3JA8(cis) = 9.8 Hz, 3JAc(trans) =146.5 Hz); 8(B) = -6.2 ppm (3JA8 (cis) = 9.8 Hz, 
2J8c(gem) = 0 Hz); o(C) = 0.1 ppm (3JAc(trans) =146.5 Hz, 2J8c(gem) = 0 Hz). Fig. 16. 
8) cis-(1,2-tetraphenyldiphosphino )ethene, cis-Ph2PCH =CHPPh132 
The procedure was the same as the preparation (3). 
31P {1H} NMR(CDC13), o -22.8 ppm; Fig. 17. 
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9) The preparation of (Pb2P)2CHCH2PPh2 from cis-Ph2PCH=CHPPh2 
A mixture of cis-Ph2PCH=CHPPh2 (1.98 g, 5.00 mmol) and HPPh2 (1.74 mL, 10.0 
mmol) was dissolved in 20 mL of dry THF. To this solution was added 1.0 mL (1.0 M) of 
(CH3) 3COK in hexane via a syringe. After the mixture was stirred in an oil bath at about 
76,...,88 °C for 6 hours, the solution was cooled to room temperature and the solvent was 
removed under vacuum. The residue was dissolved in a solution of 6 mL CH2Cl2 and 8 
mL ofMeOH, and then placed in the refrigerator for one day. A white gummy residue, 
identified as (Ph2P)2CHCH2PPh2, was obtained. 31P{1H} NMR(CDC13): 8 = -19.2 ppm (t, 
3
J pp =27.6Hz); 8 = -3.4 ppm (d, 3Jpp =27.6Hz). Figs. 18 and 19. 
10) The reaction of (p-tol)2PH with cis-Ph2PCH=CHPPh2 in the presence of base 
A mixture of cis-Ph2PCH=CHPPh2 (13.0 g, 32.8 mmol) and HP(p-tol)2 (10.0 g, 46.6 
mmol) was dissolved in 240 mL of dry THF. To this solution was added 6.0 mL ( 1.0 M) 
of (CH3}3COK in hexane via a syringe. After the mixture was stirred in an oil bath at 
about 7~88 °C for 18 hours, the solution was cooled to room temperature and the 
solvent was removed under vacuum. The residue, dissolved in 6mL CH2Cl2 and 8 mL of 
MeOH, was twice washed with 15 ml of MeOH, and then placed in the refrigerator for 
one day. A white gummy residue was obtained. The residue was identified as a mixture 
of the following compounds via 31P{1H} NMR(CDC13), Figs. 18, 19, 20. Percentages are 
based on peak heights of the NMR signals. 
[(p-tol)2P[C]](Ph2P[A])CHCH2P[B]Ph2 (21. l %): 8P[A]: = -2.6 ppm (m, 3J AB= 25.9 Hz, 
2JAC = 15.5 Hz); c(B) = -18.7 ppm (m, 3JAB= 25.9Hz, 3Jsc = 27.2 Hz); 8P[C]: = -5.0 
ppm, (m, 2JAc = 15.5 Hz, 3J8c= 27.2 Hz); 
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[(p-tol)2P] 2CHCH2PPh2 (6.2%): 8 = - 18.4 ppm (t, 3J pp =27.2 Hz); 8 = -4.6 ppm (d, 3Jpp 
= 27.2 Hz). 
((p-tol)2P[C]](Ph2P[A))CHCH2P[B](p-tol)2 (16.3%):%): 8P[A]: = -3.5 ppm (m, 31Aa = 
25.6 Hz, 2JAC = 14.5 Hz); o(B) = -20.8 ppm (m, 3JAa= 25.6 Hz, 3IBC = 27.7 Hz); 
oP[C]: = -5.6 ppm, (m, 2JAC = l 4.5 Hz, 31ac= 27.7 Hz); 
[(p-tol)2P] 2CHCH2P(p-tol)2 (3.9%): o = -20.5 ppm (t, 3Jpp = 27.0 Hz); o = -4.7 ppm (d, 
3J pp = 27.0 Hz). 
(Pb2P)2CBCH2P(p-tol)2 (14.7%):, o = -21.1 ppm (t, 3J pp = 26.8 Hz); o = -3.1 ppm (d, 
3J pp = 26.8 Hz). 
(Ph2P)2CHCH2PPh2 (14.7%): o = -19.2 ppm (t, 3Jpp = 27.6 Hz); o = -3.4 ppm(~ 3Jpp = 
27.6 Hz). 
trans-Ph2PCH=CHPPh2 (1.8%): o =-7.3 ppm 
trans-Ph2PCH=CHP(p-tol)2 (17.8 %): o = -8.6 ppm (d, 3Jpp = 17.4 Hz); o = -7.4 ppm 
(d, 3J pp = 17.4 Hz). 
trans-(p-tol)2PCH=CHP(p-tol)2 (3.3%): o = -8.7 ppm. 
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Results and Discussion 
1: Synthesis of (C0)5 W[11 1-PPh2CH2P(p-tol)2] (10) and (C0)5 W[11 1-P(p-tol)2CH2PPh2 
(12) 
The products, (C0)5W[11 1-PPh2CH2P(p-tol)2] (10) and (C0)5W[11 1-P(p-
tol)2CH2PPh2 (12), were prepared from (C0)5W(NH2Ph) and Ph2PCH2P(p-tol)2 • 
(C0)5W(NH2Ph) + Ph2PCH2P(p-tol)2 ~ NH2Ph + 
(C0)5W[11 1-PPh2CH2P(p-tol)2] + (C0)5W[11 1-P(p-tol)2 CH2PPh2] (30) 
10 12 
In this reaction, a mixture of 10 and 12 is produced. Two approaches were 
successfully used to synthesize Ph2PCH2P(p-tol)2• The first one was to synthesize 
Ph2PCH2P(p-tol)2 from LiP(p-tol)2 and PPh2CH2Cl. The PPh2CH2Cl was made from 
PPh2H, CH2Cl2, and KOH under phase transfer conditions following the work of 
Langhans. 24 
Ph2PH + CH2Cl2 + KOH ~ PPh2CH2Cl + KCl + H20 
PPh2CH2Cl + LiP(p-tol)2 ~ Ph2PCH2P(p-tol)2 + LiCl 
(31) 
(32) 
The second approach was to synthesize PPh2CH2P(p-tol)2 from PPh2CH2SiMe3 and 
ClP(p-tol)2•21 
(33) 
The PPh2CH2SiMe3 was prepared from the reaction of HPPh2 and Me3SiCH2Cl in 
the presence of NaNHifNH3 • The compound, ClP(p-tol)2, was made from HOP(p-tol)2 
and PC13• 
33 
HOP(p-tol)2 + PC13 -+ ClP(p-tol)2 
(34) 
(35) 
Other approaches to synthesize 10 and 12 were also tried. For example, the 
substitution reaction between (C0)5 WPPh2CH2Cl and LiP(p-tol)2] could produce 
(C0)5W[TJ 1-PPh2CH2P(p-tol)2] (10). Experimental results from our research group 
showed that this approach was unfavorable. First, (C0)5 WPPh2CH2Cl is difficult to 
synthesize. Todd Hurni, an undergraduate research student in our research group, 
synthesized (C0)5WPPh2CH2X (X=Cl, Br, I) by preparing [(C0)5WPPh2]Li directly from 
the reaction of LiPPh2 with W(C0)6, followed by reaction with CH2X2 • 
LiPPh2 + W(C0)6 - -+ [(C0)5WPPh2]Li + CO 
[(C0)5WPPh2]Li + CH2Br2 - -+ (C0)5WPPh2CH2Br 
However, the reaction give a 3:1 mixture of (C0)5WPPh2CH2Br and 
(C0)5 WPPh2CH3• It is possible that (C0)5 WPPh2CH3 was formed as a result of 
metallation of (C0)5 WPPh2CH2Br to give (C0)5 WPPh2CH2Li, that undergoes 
protonation in the work up. 
(C0)5 WPPh2CH2Br + BuLi --+ (C0)5 WPPh2CH2Li + BuBr 
(36) 
(37) 
(38) 
(C0)5 WPPh2CH2Li + H20 C0)5 WPPh2CH3 + Li OH (39) 
Minor amounts of (C0)5W[TJ 1-PPh2CH2Ph2] and [(C0)5W(µ-PPh 2) 2 W(C0)5r were also 
formed. 
Similar reactions were carried out with CH2Cl2 and CH2I2 in hopes of obtaining the 
halo complexes selectively, but this did not prove to be possible. Hurni was not 
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successful in separating (C0)5 WPPh2CH2X from (C0)5 WPPh2CH3• The following work 
summarizes the 31P {'H} NMR results from his work. 
Table 5: 31P {1H} NMR results for tungsten carbonyl complexes from Huml's work: 
Compound OWP(ppm) Jw-p(Hz) Jpp(Hz) op(ppm) 
(C0)5 WPPh2CH2CI 20.7 246.3 
(C0)5 WPPh2CH2Br 19.7 245.8 
(C0)5 WPPh2CH2I 19.6 Not resolved 
(C0)5WPPh2CH3 -3.27 237.0 
[(C0)5W(µ-PPh2)z W(C0)5]- -63.9 167.0 
(C0)5W[11 LPPh2CH2PPh2] 10.45 246.l 105.4 -24.3 
Huml also tried to obtain (C0)5WPPh2CH2Cl from (C0)5W(PhNH2) and 
Ph2PCH2Cl. His synthesis of Ph2PCH2Cl from Ph2PH, CH2Cl2 and KOH under phase 
transfer conditions did not give a satisfactory result because the Ph2PCH2Cl was 
contaminated with decomposition products. A visiting scientist, Dr. Jon Filley, spent two 
weeks in our laboratories and demonstrated that it was possible to synthesize Ph2PCH2Cl 
by this method, but he did not isolate the product. This synthesis was repeated and 
(C0)5 WPPh2CH2Cl was purified using a silica gel column (Fig. 23). 
Unlike PPh2CH2Cl, (C0)5 WPPh2CH2Cl is very stable and its chloride atom could 
not be substituted by LiP(p-tol)2 even after 24 hours under reflux. The significant 
stability difference between (C0)5 WPPh2CH2Cl and PPh2CH2Cl likely stems from the 
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lone pair of electrons of the phosphorus atom of PPh2CH2Cl. The availability of the lone 
pair of electrons stabilizes the intermediate carbocation via resonance. 
As a result, Ph2PCH2Cl easily undergoes substitution reactions and polymerization such 
as the trimerization shown below . 
3 PhiPCH2Cl .. 
(41) 
The phosphorus lone pair of PPh2CH2Cl in (C0)5WPPh2CH2Cl is coordinated to tungsten 
and cannot be used to stabilize the intermediate. As a result, (C0)5 WPPh2CH4Cl is stable 
and cannot undergo SNl substitution reactions readily. Also the large sizes of the 
(C0)5WPPh2 and P(p-tol)2 units makes the SN2 substitution between (C0)5 WPPh2CH2Cl 
and 'P(p-tol)2 unfavorable. 
It is our conclusion that because of the react stability of (C0)5 WPPh2CH2Cl, it is 
not possible to synthesize (C0)5 WPPh2CH2P(p-tol)2 from it. It is for this reason that this 
approach for the synthesis of 10and12 was abandoned in favor of the reaction between 
As indicated earlier, we have successfully synthesized PPh2CH2P(p-tol)2 from 
Ph2PCH2Cl and LiP(p-tol)2• The reactant, PPh2CH2Cl, is unstable with respect to 
polymerization and nucleophilic substitution reactions by nucleophilic reagents such as 
LiPPh2• Therefore, polymerization and undesirable reactions must be minimized by 
controlling the reaction conditions. 
The following procedures were used to maximize the formation of Ph2PCH2Cl: 
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1: Excess CH2Cl2 was used. Dicholomethane is not only used as the reactant but 
also as the solvent. As PPh2CH2Cl reacts with LiPPh2 much faster than CH2Cl2, the mole 
ratio of CH2Cl2 to HPPh2 should be large. In our experiments, a ratio of more than 50: 1 
was used. The HPPh2 was added slo'wly to CH2Cl2 to minimize the formation of 
PPh2CH2PPh2 that could come from the reaction between PPh2CH2Cl and HPPh2• 
2: The temperature was kept as low as possible. High temperatures lead to 
PPh2CH2Cl decomposition and by-product formation. The reactions were carried out at 
temperatures below 10 °C. 
3: A polar solvent was avoided. The dissociation of PPh2CH2Cl produces 
PPh2CH2 +and c1-. These ionic species have high polarity and their stabilities are 
increased as the polarity of the solvent is increased. It was for this reason that the non-
polar solvent toluene was used in these reactions. 
4: A low concentration of Ph2PCH2Cl was maintained to retard polymerization. 
Once the Ph2PCH2PCl is formed, it should be used immediately in the subsequent 
reaction without purification after the reactant CH2Cl2 is removed under high vacuum. 
The Ph2PH should react completely in order to reduce the undesired by-product, 
Ph2PCH2PPh2, that may be produced via the following steps: 
LiP(p-tol)2 + HPPh2 ~ LiPPh2 + HP(p-tol)2 
LiPPh2 + Ph2PCH2PCl ~ Ph2PCH2PPh2 
(42) 
(43) 
Thus the reaction time for CH2Cl2 and Ph2PH should long enough to make sure that 
Ph2PH is almost completely used up, but the time cannot be too long because 
Ph2PCH2PCl is unstable. In our work a reaction time of between 20 to 28 hours was used. 
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Even after following the above measures, a small amount of undesired by-products, 
Ph2PCH2PPh2 and (p-tol)2PCHi{p-tol)2 were still obtained. The by-product (p-
tol)2PC~P(p-tol)2 may come from the reaction between LiP(p-tol)2 and unreacted 
CH2Cl2• The amount of the by-product was minimized by removing the unreacted CH2Cl2 
as completely as possible. 
Fig. 4 shows the expanded 31P {1H} NMR spectrum of PPh2CH2P(p-tol)2• The two 
phosphorus atoms of PPh2CH2P(p-tol)2 produce four signals that are located at - 21.43 
ppm, -22.47 ppm, -23.60 ppm, -24.~4 ppm. The first two signals are produced by the 
phosphorus of PPh2 and the last two are produced by the phosphorus of P(p-tol)2• The 
chemical shifts of the phosphorus atoms are not the middle point of the two doublets 
because the spin system is an AB rather than a first-order AX. The chemical shifts are 
- 22.l ppm and - 23.8 ppm, not - 21.95 ppm and-24.12 ppm (as expected for an AX 
spectrum). The AB spectrum arises because JPP is large relative to the chemical shift 
difference. As the ratio of Jpp to the chemical shift difference increases, the inner two 
peaks increase in intensity and the outer two peaks decrease in intensity and the chemical 
shift becomes closer to the inner peaks. 
The ligand Ph2PCH2P(p-tol)2 can also be prepared in high yield by heating a 
mixture of Ph2PCH2SiMe3 and (p-tol)2PC1. The Ph2PCH2P(p-tol)2 obtained through this 
approach was also contaminated by a small amount of the by-product, Ph2PCH2PPh2• The 
reason for this by-product is still unknown. 
Of the two approaches used, the first one is simpler, and also simpler than other 
methods reported for the synthesis of similar compounds. This is because the starting 
materials are easy to obtain and inexpensive, and the reaction conditions are mild. Only 
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two synthetic steps are needed to get the desired ligand Ph2PCH2P(p-tol)2. The problem is 
that some by-products form and must be separated. The second approach gives good 
yields and is simpler than an alternative method reported by Grim22. The disadvantage is 
that several synthetic steps are needed to obtain the staring materials. Also, some by-
products are formed and separation is required. 
In this work, we have obtained a pure mixture of 10 and 12. No dimetallic 
complex, (OC)5 W(p-tol)2PCH2PPh2 W(C0)5, was obtained from the reaction of (p-
tol)2PCH2PPh2 with (C0)5W(NH2Ph) at room temperature when the molar ratio was 1:1, 
consistent with the previous work with Ph2PCH2CH2PPh2. When Ph2PCH2CH2PPh2 reacts 
with (C0)5W(NH2Ph) in a ratio of 1:1, the dimetallic complex, (OC)5WPPh2CH2-
CH2PPh2 W(C0)5, was obtained' as the principal product. This difference is caused by a 
steric effect. 
The tables below summarize the 31P {1H} NMR, IR, and elemental analysis data of 
intermediates and 10, 12. 
Table 6: IR Data of some tungsten carbonyl complexes (CHC13) 
Complex IR Data ( cm·1) 
((C0)5W[ri1-PPh2CH2P(p-tol)2](10) and 
(C0)5 W[ ri 1-P(p-tol)2CH2PPh2](12) 
2070 (m), 1980 (w), 1933 (s) 
(OC)5 W(NH2Ph) 2074 (w), 1977 (w), 1930 (s) 
(OC)5 WPh2PCH2Cl 2073 (m), 1984 (w), 1942 (s) 
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Table 7: Phosphorus-31 NMR data of some products. 
Product 8p (ppm) IJ W-P (Hz) 2J P-P (Hz) 
Ph2PCH2Cl -8.5 
P(p-tol)3 -7.3 
Ph2PCH2P(p-tol)2 -22. l (PPh)' 23. 8(P(tol)) 126.7 
(OC)5 W[(p-tol)2PCH2PPh2] 8.03(W-P)' -23.9(P-C) 244.4 104.0 
(OC)5 W[PhPCH2P(p-tol)2] 10. l(W-P), -26. l (P-C) 244.5 104.9 
(OC)5 W((p-tol)2PCH2(p-tol)2] 7.89(W-P), -25.7(P-C) 243.4 102.8 
Ph2PCH2PPh2 -22.0 
(p-to 1)2PCH2(p-to 1)2 -23.9 
(OC)5 WPh2PCH2Cl 20.6 245.3 
Table 8: Elemental analysis for the mixture of (C0)5W[T1 1-PPh2CH2P(p-tol)2] (10) and 
(C0)5W[T1 1-P(p-tol)2CH2PPh2 (12). 
C(%) H(%) P(%) 
Theory 52.20 3.56 8.41 
Found 51.99 3.44 8.80 
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2: The synthesis of (OC)5W[11 1-Ph2PCB2CH(PPh2)(P{p-tol}2] (13) and its linkage 
isomers (OC)5W[11 1-Ph2PCH(P{p-tol}2)CH2(PPh2)] (14) and (OC)5W[11 1-(P{p-tol}2)-
(PPh2)CHCH2(PPh2)] (15) 
The synthesis of 13 and its linkage isomers 14 and 15 is incomplete. Several 
approaches have been used to synthesize 13, but only one appears promising: synthesis 
the ligand Ph2PCH2CH(PPh2)(P(p-tol)2) and then react reaction with (OC)5 WNH2Ph. 
The synthesis of Ph2PCH2CH(PPh2)[P(p-to1)2] from CH2=C(PPh2)P(p-tol)2 was 
unsuccessful because it was not possible to synthesize the intermediate material 
CH2=C(PPh2)P(p-tol)2 from CH2=CCl2• The starting material CH2=CCl2 reacted with 
LiPPh2 very easily to produce CH2=C(PPh2)Cl, but it was so unstable that it either reacted 
with the reactant, LiPPh2, to produce CH2=C(PPh2) 2, the main product obtained (Fig. 13), 
or it underwent polymerization before reacting with LiP(p-tol)2• Attempts were made to 
prevent these undesired reactions from the reaction of CH2=C(PPh2)Cl with LiP(p-tol)2• 
but CH2=C(PPh2) 2 was obtained as the major product and only a very small amount of the 
desired product was obtained from CH2=C(PPh2)P(p-tol)2 resulted. The amount was so 
small that this method did not have any synthetic use. 
As stated earlier, Ph2PCH2Cl reacts with LiPPh2 very quickly and some 
polymerization accompanies the reaction. It was possible to synthesize Ph2PCH2P(p-tol)2 
through this method, but it was not possible to synthesize CH2=C(PPh2)P(p-tol)2 by a 
similar route. This difference probably results from the tendency for CH2=C(PPh2)Cl to 
undergo polymerization. The polymerization of CH2=C(PPh2)Cl results in the breaking of 
a weak carbon-carbon pi bond and the formation of a strong carbon-carbon cr bond. Thus 
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the polymerization product of CH2=C(PPh2)Cl is very stable, and the polymerization 
reaction is irreversible. As a result, almost all of the CH2=C(PPh2)Cl is either converted 
to CH2=C(PPh2) 2 or undergoes polymerization. This leads to almost no CH2=C(PPh2)Cl 
remaining to react with LiP(p-tol)2 to produce CH2=C(PPh2)P(p-tol)2• As for Ph2PCH2Cl, 
its polymerization product is not significantly more stable than itself, suggesting that 
polymerization can be reversible. A~ Ph2PCH2Cl reacts with LiP(p-tol)2 to produce stable 
Ph2PCH2P(p-tol)2, its polymerization product can return to Ph2PCH2Cl, and be available 
for further reaction. In conclusion, it is possible to synthesize Ph2PCH2P(p-tol)2 from 
CH2Cl2 by this approach, but it is not possible to synthesize CH2=C(PPh2)P(p-tol)2 by a 
similar approach. 
A phosphine group, such as PPh2, attached to a double or triple bond can activate 
the double or triple bond toward nucleophilic addition reactions. Thus CH2=C(PPh2) 2 and 
CH2=CH(PPh2) can react with HPPh2 in the presence ofMe3COK. This probably results 
from the phosphine group stabilizing the transition state of the nucleophilic addition 
reaction by the d-orbitals of the phosphorus atom. The negative charge of the carbon of 
the transition state can be delocalized on the phosphorus atom. So the transition state is 
more stable and reaction is therefore faster. Below is a mechanism of the nucleophilic 
-
Ph2P- + CH2=CH--PPh2 --.. Ph2P-- CH2--CH--PPh2 -•.---i•~ Ph2P- CH2--CH=PPh2 
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The same method was tried .for the synthesis of (Ph2P)CH2CH(PPh2) 2 • Addition 
ofHPPh2 to cis-(Ph2P)CH=CH(PPh2) and trans-(Ph2P)CH=CH(PPh2) was attempted. 
However, trans-(Ph2P)CH=CH(PPh2) did not react with HPPh2 even under very strong 
reaction conditions. Even through cis-{Ph2P)CH=CH(PPh2) undergoes nucleophilic 
addiition with HPPh2 to produce (Ph2P)CH2CH(PPh2) 2, the reaction is much slower than 
the similar reaction between CH2=C(PPh2) 2 and PPh2H. The activity for nucleophilic 
addition of the following vinylphosphines with HPPh2 is: 
(PPh2) 2C=CH2 > cis-Ph2PCH=CHPPh2 
16 17 
> trans-Ph2PCH=CHPPh2 
18 
The (PPh2) 2C=CH2 molecule reacts with HPPh2 I LiPPh2 at room temperature but 
cis-Ph2PCH=CHPPh2 and trans-Ph2PCH=CHPPh2 do not. The cis-Ph2PCH=CHPPh2 
molecule can react with HPPh/ Me3COK when refluxed while trans-Ph2PCH=CHPPh2 
does not under the same conditions. It would appear possible, therefore, to synthesize 
Ph2PCH2CH(PPh2)[P(p-tol)2] from 17 and HP(p-tol)2 by a nucleophilic addition reaction 
but not possible to synthesize it from 18. The difference in activity of the three 
vinylphosphines results from both electronic and steric effects. Nucleophilic addition of 
16 occurs easily because the two phosphine groups stabilize the transition state more than 
one phosphine group. In addition, the carbon of 16 at which the nucleophilic reagent 
attacks occurs has a small steric size. For these reasons 16 should react faster than 17 or 
18 in nucleophilic addition reactions. 
Why does 17 undergo nucleophilic addition reaction faster than 18? A possible 
reason is an electronic effect that results because 17 is a polar molecule while 18 is a 
nonpolar molecule. The transition state of the nucleophilic addition of both 17 and 18 is 
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very polar. The reactions are carried out in polar solvents. It is easier for the reaction of 
the polar molecule 17 to reach the polar transition state than for the reaction of the 
nonpolar molecule 18. There may also be a steric effect that occurs because both Ph2P 
groups in 18 interact with the attacking phosphino group while only one of the Ph2P 
groups in 17 sterically interferes. The net result is that for both electronic and steric 
reasons 17 reacts with HPPh2 faster than 18. 
The nucleophilic addition of Ph2PH and (p-tol)2PH to 17 has been tri ed. Both 
addition reactions take place in the presence ofMe3COK under reflux for several hours. 
However, the addition of (p-tol)2PH to 17 gives not only the desired product 
Ph2PCH2CH(PPh2)[P(p-tol)2] but also several undesired products that are very difficult to 
separate. The results, including the relative percentages of every product, are shown on 
page 32. This outcome can be explained by the reversible nucleophilic addition 
mechanism shown below: 
(44) 
(\. - (45) (p-tol)2P + cis-Ph2PCK=CHPPh2 ~ [(p-tol)2P](Ph2P)CH- CHPPh2 
17 19 
((p-tol )2P]{Ph2P)C H _QQCMe, [(p-tol )2P]{Ph2P)C HCH2PPh2 
19 20 
+ OCMe3 (46) 
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[(p-tol)2PJy.f-'cHPPh2 -[(p-tol)2P]CH=CH PPh2 + Ph2P 
Cf>Ph2 (cis) (47) 
19 21 
[(p-tol)2PJy£cHPPh2 ~ [(p-tol)2P]CH=CHPPh2 + Ph2P 
Cf>Ph2 (trans) (48) 
19 22 
J'_ 
Ph2PCH-CHPPh2 Ph2PCH=CH PPh2 + (p-tol)2P (I (cis) (49) P(p-tol)2 
19 17 
Ph2PCH- CHPPh2 ~ Ph2PCH=CHPPh2 + (p-tol)2P (50) 
4(p-tol)2 (trans) 
19 18 
The anion 19 is first produced after the addition of -P(p-tol)2 to 17. The anion 
can capture a proton from Me30H or HP(p-tol)2 to produce the desired product 20 or 
eliminate "P(p-tol)2 or ·pph2 anion to produce 21 or 22 and the starting materials 17 and 
18. Having similar properties to 17, 21 can undergo nucleophilic addition reactions with 
-P(p-tol)2 or -PPh2• The products in turn can also undergo the similar reactions. As a 
result, every possible product is produced. 
It should be possible to increase the desired product 20 and decrease the 
undesired products. One possible way is by increasing the concentration ofMe3COH. 
Increasing the concentration ofMe3COH could also decrease the rate at which the anion 
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19 produces undesired products because as the concentration ofMe3COH increases 
conversion to 20 becomes more favorable. Another possible way to increase the desired 
product 20 is to control the reaction time and temperature. The reaction time should be 
kept as short as possible. As the reactions to produce the desired product 20 are 
reversible, 20 will turn into the more stable product, trans - 1,2-diphosphinoethene, ifthe 
time is long enough. The thermodynamic ratio of the final products depends on stability 
of every product. To avoid the thermodynamic ratio, the temperature should also be kept 
as low as possible. 
Attempts to synthesize Ph2PCH2CH(PPh2) 2 from Ph2PCH2PPh2 were not 
successful. It is easy to convert Ph2PCH2PPh2 to (Ph2P)2CH - 39, but the latter did not react 
with Ph2PCH2Cl. This is probably a steric effect because (Ph2P)2CH- is a much bigger 
anion than Ph2P-. 
Another possible approach to the synthesis of [(p-tol)2P]Ph2PCHCH2PPh2 is to 
add [(p-tol)2PH to Ph2PC=CPPh2 and then hydrogenate the product. The addition reaction 
was successful, but the hydrogenation step has not been tried. 
As a suggestion for further work, a one-step preparation of (PPh2) 2CHCH2PPh2 
from HPPh2 and Cl2C=CH2 should be possible. By adding Cl2C=CH2 to a mixture of 
HPPh2 and LiPPh2, (PPh2) 2C=CH2 could be obtained as a intermediate and then reacted 
with LiPPh2 to produce (PPh2) 2CHCH2PPh2• 
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3. The lsomerization Studies between (C0)5W(Tl 1-PPh2CH2P(p-tol)2](lO) and 
tol)2CH2PPh2] (12) was followed with 31P {'H} NMR spectroscopy. Some 31P {'H} NMR 
spectra of 10 and 12 at 55 °C at different time are shown in Figures 22, 23, 24 and 25. 
The isomerization of 10 to 12 and the isomerization of 12to10 are first order 
reactions. In the following derivation, A stands for 10, and B stands for 12. 
For the reaction: 
A B 
The rate of the disappearance of A is given by 
d[A] 
- =kt [A]- k-1 [B] 
dt 
From stoichemiometry: [A]0 + [B]0 = [A] + [ B] = [A]eq + [B]eq = C0 
Therefore, 
d[A] 
-- =kt [A] - k-t [B]= kt [A]- k-t {C0-[A] dt 
= (k1 + k-1 )[A] - k-1 C0 
~--d-[A_J __ = -dt 
(k1 + k-1 )[A] -k-1 C0 
dln(k1 + k-1 )[A] - k-1 C0 }= - (k1 + k-1 )dt 
dln{[A] _ k -1 } 
Co (k i+ k -1) = - (k 1+ k -1 )dt 
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(1) 
Assume f A is the molar fraction of A, f 8 is the molar fraction ofB. 
f A= [A]/Co; f B = [B]/Co 
at equilibrium: kif Aeq = k_ifseq = k_,(1- f Aeq) 
f Aeq = k_/(k, + k_,) 
From (1) and (2), the following equations are obtained: 
dln(f A- f Aeq)= -(k, + k_,)dt 
ln(f A- f Aeq) = -(k1 + k_,)t + C 
when t = 0, C = ln(f AO- f Aeq) 
so ln(f A - f Aeq) = -(k, + k_,)t + ln(f AO- f Aeq) 
(2) 
(3) 
(4) 
A graph of ln(f A- f Aeq) versus time t should form a straight line. The slope of the 
line is k , + k_,. From this slope, k1 and k_1 can be calculated from the equation (2). Table 9 
contain the ratio of (OC)5W[ri'-Ph2PCH2P(p-tol)2] (10) to (OC)5W[ri 1-(p-tol)2PCH2PPh2] 
(12) at different times at 55 °C. 
From Table 9, the fraction of (OC)5W[ri'-Ph2PCH2P(p-tol)2] (A) at equilibrium 
(Aeq) is 0.333. A regression line ofLn(Aeq-A) versus time is obtained from Excel and is 
shown in Figure 28. The slope of the line is 3.5lx 10-6 s-1• The standard error is 0.03x 10-6 
s-•. Fromtheequation(2), k1 andk_, are 2.34(2) x 10-6 s-1 and l.17(1)x 10-6 s-1 
respectively. 
Plots of the fractions of A and B versus time are shown in Figure 29. 
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Table 9: The ratio of [10]/[12] at different times at 55 °C. 
Time(S) B/A A/B FA Aeq·A ln(Aeq·A) 
0 3.800 0.263 0.208 0.125 -2.08 
9180 3.733 0.268 0.211 0.122 -2.11 
19140 3.602 0.278 0.217 0.116 -2.16 
29940 3.583 0.279 0.218 0.115 -2.16 
48420 3.412 0.293 0.227 0.106 -2.24 
58560 3.281 0.305 0.234 0.100 -2.31 
102240 2.989 0.335 0.251 0.082 -2.50 
110820 2.956 0.338 0.253 0.080 -2.52 
178680 2.680 0.373 0.272 0.061 -2.79 
210480 2.608 0.383 0.277 0.056 -2.88 
262200 2.499 0.400 0.286 0.047 -3.05 
296100 2.440 0.410 0.291 0.042 -3.16 
349380 2.363 0.423 0.297 0.036 -3.33 
543060 2.167 0.461 0.316 0.017 -4.05 
874200 2.055 0.487 0.327 0.006 -5.15 
1220220 2.025 0.494 0.331 0.003 -5.98 
1847640 2.002 0.500 0.333 0.000 
2187060 1.991 0.502 0.334 -0.001 
2761860 2.002 0.500 0.333 0.000 
3750900 2.008 0.498 0.332 0.001 
Rate and equilibrium constants for isomerization of tungsten compounds at 55 °C are 
shown in the Table 10. 
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Table 10: Rate constants for isomerization of tungsten complexes at 55 °C: 
Compound k1 (s-1) k.1 (s-1) K 
(OC)5 W[Ph2PCH 2P(p-tol)2] 2.34 (2) x 1 o·6 i.1 7 c 1) x 1 o-6 2.00 (4) 
(OC)5 W[Ph2PCH2CH2P(p-tol)2] 2.03 (6)x 10.8 1.25 (6) xl0-8 1.62 (8) 
(OC)5 W[Ph2PCH 2CH(PPh2)2] 3.70 x 104 1.23 x 104 3.01 (2) 
Some data at 40 °C and 25 °C were also obtained and are shown below: 
Table 11: The ratio of [10]/[12] at different times at 40 °C. 
Time(S) B/A B/(A +B) A/(A +B) A-Aeq Ln(A-Aeq) 
0 0 0 1 0.727 -0.31883 
26220 0.01 0.01 0.99 0.717 -0.33268 
87480 0.032 0.031 0.969 0.696 -0.36241 
113640 0.038 0.037 0.963 0.69 -0.37106 
173340 0.071 0.067 0.933 0.66 -0.41552 
281!940 0.091 0.083 0.917 0.644 -0.44006 
726540 0.177 0.15 0.85 0.577 -0.54991 
1588740 0.46 0.315 0.685 0.412 -0.88673 
2628660 0.887 0.47 0.53 0.257 -1.35868 
4232160 1.478 0.596 0.404 0.131 -2.03256 
4840380 1.654 0.623 0.377 0.104 -2.26336 
5794620 1.849 0.649 0.351 0.078 -2.55105 
8919180 2.145 0.682 0.318 0.045 -3.10109 
The sample at 40 °C has not reached equilibrium at the time of this writing. The 
fraction at equilibrium is unknown. It is possible, however, to use mathematics to get the 
fraction at equilibrium. It is known that ln(f A- f Aeq) versus tin equation (4) is linear if 
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f Acq is equal to a real number. In other words, if f Acq deviates from the real value by much, 
the points of ln(/ A- f Acq) versus t deviate more extensively from a the straight line. 
(4) 
So when f Acq is a real value, the equation (4) can be expressed as y = bx+ a, and the 
following expression is equivalent to 1. 
(5) 
If a number off Acq values are used in equation (4), one of which is the real value, 
then the f Acq that was the correct number will be the one that gives p most close to 1. A 
C++ program was compiled to calculate the values of the above expression. The program 
is listed in Appendix 1. The best value for /eeq is 0.727. Thus the best value for f Acq is 
0.273. With this f Acq, Table 11 was obtained. The equilibrium constant is 2.66. From the 
regression line of ln(Acq-A) versus time from Excel, the coefficient, 3.94 x 10·7 s·• is 
obtained. The standard error is 0.05x 10·1 s·•. From equation (2), k, and k.1 are 2.86( 4) x 
10·1s·1and 1.08(2) x 10·1 s·• respectively. 
This method was tested by the data at 55 °C. There are 20 data points in Table 5. 
In order to test this method, only the first 9 data points were used to calculate f Acq· The 
f Acq value by this method is 0.329, very close to the experiment data 0.333. 
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With this method, the f Aeo. and other data were also obtained for 25 °C. The result 
are shown in Table 12. 
Table 12: Ratio of (10)/(12) at different times (25 °C). 
Time(s) B/A B/(A + B) N(A + B) A-Aeq Ln(A-Aeq) 
0 0.320 0.242 0.758 0.547 -0.60331 
252080 0.326 0.246 0.754 0.543 -0.61065 
690660 0.331 0.249 0.751 0.540 -0.61619 
1547940 0.362 0.266 0.734 0.523 -0.64817 
2505420 0.386 0.279 0.721 0.510 -0.67334 
3620940 0.426 0.299 0.701 0.490 -0.71335 
4990140 0.512 0.339 0.661 0.450 -0.79851 
7155060 0.609 0.378 0.622 0.411 -0.88916 
The f Beq, f Acq at 25 °C are 0.789, 0.211 respectively. With this f Aeq, Table 12 
was obtained. The equilibrium constant is 3.93. From the regression line of ln(Aeq-A) 
versus time from Excel, the coefficient 4.00 x 1 o-s s"1 is obtained. The standard error is 
0.22x 10·8 s·1. From the equation 2, k1 and k_1are3.19(15) x 10-ss-1and 0.81(7) x 10-8 s·1. 
Equilibrium constants, rate constants and half-lives to equilibrium are shown in 
Table 13. 
Table 13: Equilibrium constants, rate constants and half-lives to equilibrium for the 
isomerization of 10 and 12 in CDC13• 
T(K) k, (s-1) k_1 (s-1) ln2/(k1 + k,) K 
328 2.34 (2) x i o-6 1.17 (1) x 10-6 2.29 days 2.00 (4) 
313 2.86 (4) x 10·1 1.08 (2) x 10-1 20.4 days 2.66 (6) 
298 3.19 (15) x 10-8 o. 81 (7) x 1 o-8 200 days 3.93 (34) 
52 
The activation parameters Afr"cror» Afr"crcv) and ~ are calculated from Table 9 
by regression from Excel. The results are listed below. 
~"cror) = 13.99(21) x R = 116.3 ± 1.7 kJ mo1·1 
L\H'"(rcv) = 16.20(6) x R = 134.6 ± 0.5 kJ mot·• 
~ = -18.3 ± 2.2 kJ mot·• 
L\S"cror> = -0.842(675) x R ~ -7.00 ± 5.6 J mo1·1K·1 
L\S"crcv> = 5.22(17) x R = 43.4 ± 1.4 J mol"1K·1 
L\S = -50.4 ± 7.9 J mo1·1K·1 
The data above support a mechanism that includes a transition state in which the 
dangling phosphine ligand interacts with the cis-carbonyl groups and weakens the 
original W-P bond, and accelerates its breakage. Only the dangling phosphine ligand is in 
a suitable position to interact with the cis-carbonyl groups. The mechanisms of the 
isomerizations of the above compounds are shown in scheme 1: 
Scheme 1 
p""" 
I P' 
~ ~''''··!-·•''''co 
ocfll' I ...._.,co 
co 
lf 
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The sequence may be described as follows: 
(1) la~ lb: The original W-P bond becomes weaker and longer. The interaction 
between the dangling phosphine with the cis-carbonyl group becomes stronger. 
(2) lb~ le: As the isomerization continues, the original W-P bond becomes even 
weaker and longer and deviates from the axial direction. As the electron pair used for P-
W bond becomes more like a lone pair of electrons, a weak interaction between it and 
another cis-carbonyl group develops. 
(3) le~ Id: The dangling phosphine ligand begins to form a bond with Wand the 
original W-P bond completely breaks. 
(4) Id~ le: The new formed W-P.bond becomes stronger and it more closely assumes 
an axial orientation. The original phosphine-carbonyl interaction becomes weaker and 
disappears. The new phosphine-carbonyl interaction becomes stronger. 
(5) le~ lf: The newly W-P bond is fully formed. 
The isomerization of (C0)5W[TJ 1-PPh2CH2CH2P(p-tol)2] follows a somewhat different 
path (Scheme 2): 
Scheme 2: 
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(1) 2a~ 2b: The original W-P bond becomes weaker and longer. At the same time, the 
dangling phosphine ligand begins to form a bond with W. 
(2) 2b~ 2c: As the isomerization continues, the original W-P bond becomes weaker and 
weaker and deviates from the axial orientation, while at the same time, the newly formed 
W-P bond becomes stronger and stronger and moves closer to an axial orientation. The 
original and the newly formed bonds are almost of same strength and length as in 2c. 
(3) 2c~ 2d: The original W-P bond becomes further weakened and shows extreme 
deviation from the axial direction, while the newly formed W-P bond becomes 
increasingly stronger and closer to the axial direction. 
(4) 2d~ 2e: The original W-P bond. completely breaks and the new W-P bond completely 
forms. 
The isomerization mechanism for (OC)5 W[Ph2PCH2CH(PPh2) 2] differs 
significantly from those shown in Schemes 1 & 2 (Scheme 3). 
Scheme 3: 
r(P 
OC/11,,. i ··'''~co ·~· 
oc-" I ......_co 
co 
3a 
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The mechanism can be described as follow: 
(1) 3a~ 3b: The original W-P bond becomes weaker and longer. At the same time, one 
of the two dangling phosphine ligands begin to form a bond with the metal atom. 
(2) 3b~ 3c: As the isomerization continues, the original W-P bond weakens further and 
deviates from the axial direction. The W-P bond that is forming becomes stronger and 
moves toward the axial direction. As a result, the second dangling phosphine is in a 
suitable position to interact with a cis-carbonyl group and this interaction become 
stronger as the reaction approaches the transition state. 
(3) 3c~ 3d: The newly formed W-P bond becomes stronger and assumes more nearly an 
axial direction. 
(4) 3d~ 3e: The original W-P bond completely breaks and the new W-P bond completely 
forms. The weak interaction between the second dangling phosphine and the cis-
carbonyl group persists. 
How do the mechanisms above explain the experiment results? The 
isomerization of (C0)5W[11 1-PPh2CH2P(p-tol)2] is about 100 times faster than that of 
(C0)5W[11 1-PPh2CH2CH2P(p-tol)2]. The reason for this difference is that in the transition 
state of the isomerization of (C0)5W[11 '-PPh2CH2P(p-tol)2] , the lone pair of electrons of 
the dangling phosphine interacts with an antibonding pi orbital of a cis-carbonyl group. 
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This interaction provides a cis labilization effect. This effect is much like the cis 
labilization ofligand dissociation reported by Atwood.40 The cis-labilizing ligand of a 
six-coordinated transition metal carbonyl complex stabilizes the transition state as a result 
of preferentially occupying a basal site in a square pyramidal or an axial site in a trigonal 
bipyramidal transition state species. The stabilization occurs because the cis-labilizing 
ligand is a pi-bonder. For example, the great rate difference of the following two 
reactions is caused by the cis labilization effect of the er ligand . 
k1 = l x10·14 s·• 
k = 5 x10·5 s·• I 
( 51 ) 
( 52) 
In the second reaction, er stabilizes the transition state and makes the substitution 
reaction faster. In the isomerization of (C0)5W[Tl 1-PPh2CH2P(p-tol)2], the CO group 
which interacts with the lone pair of electrons of the dangling phosphine leads to 
labilization quite different from that induced by Cr , but nevertheless effective. The 
interaction between the lone pair of electrons of the dangling phosphine and a carbonyl 
group weakens the W-P bonds cis to the carbonyl group. For the isomerization of 
does not interact with the cis carbonyl group and do not exhibt the cis labilization effect. 
As a result, isomerization is much slower than that of (C0)5W[Tl 1-PPh2CH2P(p-tol)2]. 
What is the reason that the cis carbonyl ligands interact with the dangling 
phosphine in the former compound but not the latter? It is because the lone pair of 
electrons of the dangling phosphine of (C0)5W[Tl 1-PPh2CH2P(p-tol)2) is in a suitable 
position to interact with a carbonyl group. On the other hand, the lone pair electrons of 
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the dangling phosphine of (C0)5W[11 1-PPh2CH2CH2P(p-tol)2] is not in a suitable place for 
interacting with a carbonyl group. The interaction of (C0)5WPPh2CH2P(p-tol)2 can be 
depicted as follows: 
oc co '" \ ff" .... p• 
oc- ~ ~o 
;;i·· 
,.. I 
~ 
The angle P-W-C(O) is 90°. As a phosphorus atom binds with three very big groups 
((C0)5 W and two C6H5- groups, the steric effect forces these three groups and the 
phosphorus atom into almost the same plane. The remaining P-CH2 bond should be 
perpendicular to the plane. So the W-P-CH2 angle should be close to 90°. As a result, the 
dangling phosphine is in a suitable place to interact with a cis carbonyl group, affording a 
stable five membered ring. 
The ring is also like part of a chair cyclohexane as shown on the figure below. 
6 
,.p•l 
5':'\ 6f!o/ 
, .. P 2 
, .. 3 ~ .. 
4 
3 
If tlhere is a bond between C3 and C5, then the bond angles of C5-C3-C2 and the bond angle 
of C6-C5-C3 are 90°. If we replace C1 with P', C3 with P and C5 with W, then the ring of 
the interaction is much like part of the stable cyclohexane chair. Moreover, for :P(p-tol)2 
the size of the p-tolyl group is much larger than the size of the lone pair of electrons and 
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points away from the big W(C0)5 group, which forces the lone pair of electrons to point 
toward W(C0)5 • The lone pair of electrons of the dangling phosphine is, therefore, in 
suitable place to interact with a cis carbonyl group. For (C0)5W[11 1-PPh2CH2CH2P(p-
tol)2] , however, the dangling phosphine is not in a suitable place to interact with a cis 
carbonyl group. The following figure shows that the conformation of (C0)5W[11 1-
0 
oc\ ~ ·~ oc - ~ ~co r-P' :~ 
with a cis carbonyl group, it still can assist the breaking of the original W-P bond by 
interacting with Was the original W-P bond becomes weaker and longer (shown in 
Scheme 2). This assistance makes the phosphorus exchange much faster than exchange in 
its absence. For example, the first-order rate constant for the dissociation of PPh3 from 
(OC)5CrPPh3 is 3 x 10-9 s-•, about an order of magnitude slower than the isomerization of 
In Scheme 2, the formation of a new W-P bond takes place almost at the same 
time as the breaking of the original W-P bond, which makes the transition state less 
electron defficient than that if the transition state consisted of a completely dissociated 
phosphorus ligand. Just as the dangling phosphine group of (C0)5W[11 1-PPh2CH2-
CH2P(p-tol)2] is not in a suitable position to interact with a cis carbonyl group, the 
59 
dangling phosphine groups of (C0)5W[11 1-PPh2CH2CH(PPh2) 2] are not in a suitable 
position. Why then is isomerization much faster for the two-armed complex than the 
isomerizations of (C0)5W[11 1-PPh2CH2P(p-tol)2] and (C0)5W[11 '-PPh2CH2CH2P(p-tol)2]. 
The mechanism of Scheme 3 explains it clearly. In 3b, when the original P-W bond 
begins to break and a dangling phosphine ligand begin to form a bond with W, the 
original P-W bond shifts from the axial direction. The angle between the original P-W 
bond and one of four P-(cis)CO bonds must increase. As the original bond becomes 
weaker and weaker, this angle becomes larger and larger. When this angle becomes close 
to 109.5°, the dangling phosphine is in a favorable position to interact with a cis carbonyl 
group. This interaction leads to an increased electron density on the metal and as a result, 
the cis-carbonyl group assists the dissociation of the original W-P bond. Not only does 
one of the two dangling phosphine groups accelerate the breaking of the original P-W 
bond by interacting with a cis carbonyl group, but the other dangling phosphine group 
also accelerates the breaking of the original W-P bond by forming a bond with W at the 
same time that the original W-P bond is breaking. So the isomerization of (C0)5W[11 1-
PPh2CH2CH(PPh2)2] is much faster than the isomerizations of (C0)5W[11 1-PPh2CH2P(p-
tol)2] and (C0)5W[11 1-PPh2CH2CH2P(p-tol)2]. 
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Appendix I 
(I) The C++ program used to calculate the equilibrium constants 
II The purpose of th is program is calculating the best equi librium constants 
II of reversible fi rst order reaction 
#include <iostream.h> 
#include <string> 
#include <math.h> 
#include <fstream> 
float p( float fa[), float feq, int t [ ], int n); 
float abs(float x); 
using namespace std; 
int main(){ 
string Fi leName; 
cout << " Input the Name of the Data: "; 
cin>>FileName; 
ifstream InFi le; 
InFile.open(Fi leN ame.c _ str()); 
if (!lnfi le. is_open()){ 
} 
cerr << 11 cannot open 11 << FileName 
<< " for processing. " << endl; 
return I ; 
int i = O; 
float fa[20]; 
int t[20]; 
float NextData; 
while(InFile >> NextData){ II read data from the input fi le 
if (i%2 = 0) fa[i/2] = NextData; II the fractions is read 
else t [i/2] = (int)NextData; II the time is read 
i++; 
} 
int SizeOfN = il2; 
97 
float max = 0, fp, bf; 
float Minf eq, MaxFeq; 
if ( fa[S izeOtN - 1] < fa[O]) { 
Minf eq = 0.001; 
Maxfeq = fa[SizeOfN-1] ;} 
else { 
Minfeq = fa[SizeOtN-1] ; 
Maxf eq = 0.999;} 
for (float feq = Minfeq; feq <= Maxfeq; feq += 0.001 ){ 
fp = p(fa, feq, t, SizeOfN); 
if( max < fp) { 
max= fp; 
bf= feq;} 
} 
cout << ti MAX P= ti << max << ti feq = " << bf << end I; 
return O; 
} 
II y =bx + a; 
II y -> ln(fa-faeq); b ->-(k l + k-1); 
II x -> t; a-> ln(faO - faeq); 
float p(float fa[ ], float feq, int t[ ], int n){ 
float Sum Y = O; 
int SumX = O; 
float xy=O, x2=0, y2=0; 
float p 1; 
for ( int i = O; i < n; i++) { 
} 
Sum Y += log(abs(fa[i] - feq)); 
SumX += t[i]; 
float Xave = (float)SumX/n; 
float Y ave = Sum Y In; 
for( int i = O; i <n; i++){ 
xy += (t[i] - Xave) * (log(abs(feq - fa[i])) - Yave); 
x2 += (t[i] - Xave) * (t[i] - Xave); 
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y2 += (log(abs(feq - fa(i])) - Yave)*(log(abs(feq - fa[i])) - Yave); 
} 
pl = (xy*xy)/(x2*y2); 
return pl ; 
} 
float abs(float x){ 
if ( x < 0 ) x = -x; 
return x; 
} 
(2) The input data 
fraction time 
0.208 0 
0.211 9180 
0.217 19140 
0.218 29940 
0.227 48420 
0.234 58560 
0.251 102240 
0.253 110820 
0.272 178680 
at 55°C 
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(3) The input data at 40°C 
fraction time 
0.00 0 
0.01 437 
0.031 1458 
0.037 1894 
0.067 2889 
0.083 4699 
0.015 12109 
0.315 26479 
0.470 43811 
0.596 70536 
0.623 80673 
0.652 96577 
( 4) The input data at 25°C 
fraction time 
0.242 0 
0.246 5868 
0.249 11 511 
0.266 25799 
0.279 41757 
0.299 60349 
0.339 83169 
0.378 119251 
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